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SUMMARY 
In this report, a + ̂ 5 fiber glass-epoxy two layer composite 
laminate model .containing a void in the region "between the fiber layers 
was built for experimental stress analysis. The scattered light photo-
elastic technique was used for studying the interlaminar secondary 
principal stress difference. A region of relatively high stress was 
produced in the vicinity of the void. Cure, post cure, and visco-




When high modulus fibers are combined with an organic, ceramic 
or metal matrix, a composite material is formed. With suitable fiber 
orientation in a matrix, this results in an increase in structural 
efficiency of the material. More recently fiber reinforced resin 
composites have become important in material applications for their 
strength to weight and stiffness to weight advantages. Laminated 
composites [1] may consist of layers of different materials. Such 
layered construction has been used widely in fiber reinforced composites 
Special problems are associated with stress analysis in fibrous 
composite materials. In a theoretical stress and strain analysis of 
laminated composites, it is often assumed that each layer is aniso-
tropic but homogeneous. For such analysis, a generalized Hooke's 
law [2] is used 
CTi=CijSj t,im...,6 (1) 
where cr. are the stress components, C. . is the stiffness matrix, and e. 
i ij J 
are the strain components for the presumed homogeneous material. Such 
analyses do not admit the heterogeneous nature of the composite struc-
ture as consisting of distinctly separate constituents. The stiffness 
of the laminate is obtained from the properties of the individual 
laminae, with principal directions oriented at given angles to the 
o 
chosen axes of the laminate as shown in Figure 1. 
According to classical lamination theory [3], the resultant force 
and moment on a laminate have the following relationship with the laminate 
middle surface strain e and curvatures H in each layer as 
G>=B a ft0) (2) 
where N is the resultant force and M is the resultant moment. [A] is 
called extensional stiffness, [B] is coupling stiffness and [D] is the 
bending stiffness. 
Equation (2) permits calculation of the theoretically defined 
stresses <j , <j > T in the plane of laminate using appropriate stress-
strain and stress versus bending curvature relationships, "but no account 
is taken for inter laminar stresses such as cr , T > T . These inter-
z zx zy 





Pipes and Pagano [Vj have theoretically investigated the 
interlaminate stresses in a cross-ply laminate under uniform axial 
extension. Pipes and Daniel [5] used the Moire fringe method to 
demonstrate the physical existence of interlaminar stresses at the free 
edge of laminate. The interlaminar shearing stresses were found to be 
high and they are therefore considered to he a cause of the dehonding 
problem or delamination. Belanger [6] pointed out that delamination 
is attributed to poor interlaminar shear strength of the composite. 
These investigations have shown the importance of interlaminar stresses 
in multilaminar composites. 
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CHAPTER III 
VOIDS AND DEBOKDING 
As mentioned above, interlaminar stresses greatly influence 
debonding and failure in composite materials. It is furthermore known 
that voids, consisting of air bubbles entrapped in the matrix during 
composite fabrication, have a significant effect on the composite 
properties even if the bubbles occupy a small amount of the material 
volume [7]. Interlaminar shear strength is reduced [8] as is the 
resistance to environmental degradation [9]. A variety of experimental 
procedures for measuring the size of voids has been evaluated and 
applied to a group of graphite-epoxy laminates [10]. Strong emphasis 
has been given to developing manufacturing processes to minimize inclu-
sion of voids [11]. The effect of an air void trapped at various 
positions along the fiber-matrix interface was investigated by Owen 
and Lyness [12] for the case of a single fiber model. High stresses 
are produced at the interface. Kavanagh [13] studied the effects of 
geometric variables associated with voids on the evaluation of mechani-
cal properties. Williams [1̂ -] examined a different theory for studying 
stresses in the vicinity of void. He pointed out the difference in 
stress results (adjacent to a void) which are associated with selection 
of eigenfunctions of the characteristic equation. He suggested the use 
of energy methods and further suggested the application of the methods 
to certain types of adhesion problems. 
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In this report, fabrication of a two layer + k-5 of glass fiber 
composite model is described. The interlaminar secondary principal 
stress difference in a plane parallel to the load direction and in the 
vicinity of a single specially fabricated void in the central region 
of a composite model is studied. The scattered light photoelastic 
method is used. 
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CHAPTER IV 
EXPERMIWAL SOLUTION METHOD USING A PHOTOEIASTIC MODEL 
Consider a two layer + V? fiber glass composite model with a 
void between the layers as shown in Figure 2. Fiber layers are parallel 
to the xy-plane, and a uniformly distributed tensile load is applied in 
the X-direction in an XYZ Cartesian coordinate system. 
Experimental methods have been applied for investigating composite 
models. Daniel, Rawlands and Post [15] used Moire techniques to deter-
mine the strain fields in filamentary composite laminate. The speci-
mens they used were glass-epoxy and boron epoxy with holes and crack 
existing. They assumed that the material has anisotropic, and inelastic 
properties. Dalley and Alfrevich applied [l6] birefringent coating to 
an orthotropic-glass fiber reinforced plastic model. Pipes and Dalley 
[17] also used the birefringent coating method with a graphite epoxy 
structural laminate for measuring laminate surface strain. However, 
these techniques are not able to discern effects which vary spatially 
with location of the composite constituents. Sutliff and Pih [l8] 
used scattered-light photoelasticity to study the stress field in the 
matrix in the vicinity of a discontinuous single fiber. They demon-
strated that the stresses in such a composite model could be success-
fully investigated using the scattered-light technique. For determining 
interlaminar shear stresses in a fiber composite laminate model, 
Berghaus and Aderholdt [19] also used scattered-light photoelasticity 
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to determine stresses in the matrix of two layer and four layer fibrous 
laminates. These models considered the composite as a heterogeneous 
structure. The study in this report uses the assumptions and techniques 
associated with the heterogeneous structures [19]-
In scattered-light photoelasticity [20], the data yield the 
secondary principal stress difference 
P ' : - q - « f g (3) 
where p' and q' are the secondary principal stresses [21] in the plane 
normal to the light "beam, f is the material fringe constant, n is the 
scattered-light fringe order, s is the light propagation direction as 
shown in Figure 3-
When the light beam is passed in Y-direction [22] in the model 
as shown in Figure k 
Txz = | (p« - q»)Y Sin 29y = | f || Sin 29y (k) 
where 9y is the location of the maximum secondary principal stress 
direction [23] with respect to the Z axis. The fringe derivative can 
be obtained along the light beam by using a smoothed cubic spline [2^]. 
Discrete values of principal direction 9 can also be approximated 
continuously by a suitable function [23]. For the light beam passed 
in the Y direction it is necessary to view the light beam parallel to 




A room temperature curing epoxy [24] was chosen for the matrix 
material in this two layer model. Flint glass rods were selected for 
the fibers. The room temperature epoxy consists of three main com-
ponents, with ratios of two pbw ERL 2."Jjh- and two pbw 2795> one pbw 
ZZL 0803*. Cab-o-sil silica gel** was added to the- mixture to increase 
the clarity of the scattered-light fringes. Five milliliters per pound 
of mixture were used. In order to get a strong glass-resin bond, the 
glass rods were cleaned as previously [19]« 
After assembling the mold with fibers in position, the epoxy 
was mixed for one hour. The bubbles introduced through mixing were 
evacuated. The mixture was poured into the mold carefully to avoid 
introducing any air bubbles into the mold especially in the interlaminar 
layer which the scattered light beam passed through. The epoxy in the 
lower layer was cured at room temperature for 96 hours. The void was 
molded then poured and cured for another 96 hours. (Poor void molding 
techniques prevented a void from being used which was molded simul-
taneously with the lower fiber layer.) Then the void was cemented to 
the lower fiber-epoxy layer. After the cement was cured similarly at 
*ERL 2Jjh, ERL 2795; ZZ1 0803 are trade marks of Union Carbide 
Corporation, New York, New York. 
**Cab-o-sil is a trade mark of the Cabot Corporation, Boston, 
Massachusetts. 
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room temperature, the epoxy was poured and cured in the upper layer for 
a final 96 hours. The model was then removed from the mold and post 
cured at 105 F for 96 hours. The complete molding sequence is shown 




The model was submerged in immersion fluid. A Helium-Neon 
laser light source and a versatile scattered-light polariscope [19] 
were used to obtain the data. 
A uniformly distributed tensile load was applied through load 
distribution bars in the model. The loading frame was instrumented to 
monitor the applied load. To remove initial thermal stresses which 
were evidently introduced during cure and post cure of this model due 
to the different thermal coefficients of expansion of the glass and 
epoxy, the model was heated to 115 F, This temperature is below the 
glassy-rubbery transition,temperature for this material. 
After the model was slowly heated to 115°F, the tensile load 
was applied. It was noticed that the load frame strain gage reading 
dropped suddenly although a temperature compensating strain gage was 
used. The fringe pattern in the interlaminar layer did not change even 
as the load, as seen in the strain gage indication, was reduced. 
The fringes were observed by viewing normal to the light beam 
(Y direction) as shown in Figure 6. Fringes were photographed in 
various directions as previously [19] described. They are shown in 
Figure J. Fringe clarity was used in an attempt to determine the 
secondary principle directions. Smoothed splines with parabolic 
extrapolation were used as previously [19] to determine fringe 
11 
derivatives. A digital computer program was used for calculations. 
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CHAPTER VII 
RESULTS AND CONCLUSIONS 
The fringe derivative results and the secondary principal stress 
difference a ' - <j ' at different locations are plotted in Figure 8. 
It is noticed that the peak value of fringe derivative shifts toward 
the void as the light "beam is moved toward the void. In other words, 
the secondary principal stress difference peak value moves towards to 
the void as the light "beam is moved toward the void. Due to material 
viscoelastic effects., the maximum principle stress axes could not be 
determined, therefore the interlaminar shear stress T could not be 
xz 
determined either. 
There then appears to be a local region of high stress caused 
by the void. This region is adjacent to the void in sections normal 
to the load which pass through the void, but in the material between 
the void and the loaded edge of the model, this region moves away from 
the void toward the side edges of the model as the sections approach 
the loaded edge of the model. There are lower stresses to either side 
of the high stress region in these sections. This effect may be seen 
in Figure 8. 
Further work with such composite models should be preceded by 
a study of the molding problems associated with the matrix epoxy. 
These problems include the cure and post cure time and temperature 
cycles, the difference in thermal coefficients of expansion for 
13 




CALIBRATION OF MATERIAL USING A CIRCULAR DISK 
The stress optical material constant was determined using 
circular calibration disks loaded as shown below. For such a circular 
disk, the difference between principal stresses in the plane of the 








For scattered-light photoelasticity, the principal stress 
difference, o\ - oo> is related to the material fringe constant as 
al " CT2 = f dt ( 6 ) 
from equations (5) and (6), f can he solved for material fringe, f, 
can be determined. (f = 100. V3 fringe-psi-in for the material used 
in this investigation.) 
In this material calibration, the epoxy disks were made of the 
same material as the top and bottom layers of the model. These two 
circular disks were heated to 115 F in "the immersion tank for scattered-
light photoelastic investigation as was the two layer + ^5 composite 
laminate model did. Accumulated fringes through the disk were counted 
when a diametral compressive load was applied. The number of fringes 
was divided by the disk thickness to obtain the fringe derivative. 







Figure 1. Unbonded View of a Two Layered Antisymmetric Angly-ply 
Laminate. <y is the Angle of Fiber Orientation with 
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Figure 2. Configuration of Two-Layer Model with Void in Central 
Region. 
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light b e a m 
<p'-n-'a? 
View with light beam 
parallel to paper. 
q 
— p 
View with light beam 
perpendicular to paper 
Figure 3- Stress-optical Law for Scattered Light Photoelasticity in 
Equation (3)« P' an^ q' are Secondary Principal Stresses 
in Planes Normal to the Light Beam which is Passed in the 
Y Direction. 
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Figure h. Light Beam Passed through Interlaminar Region for Secondary Principal 
Stress Difference. 
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Figure 5a. Glass Fibers in Position for Lower Layer, 
Figure 5b. Uniform Load Distribution Bar in Place in Left 
Side of Mold. 
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Figure 5c Mold. Sealed with Shim Stock and Clay 
for Pouring Silicone Rubber Sidewalls. 
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Figure 5«. First Layer Resin Ready for Room 
Temperature Curing. 
Figure 5f. Void Mold (left), Void Pattern (top), Void (right). 
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Figure 5g. Void Cemented in Place 
Figure 5h. Fibers in Place for Second Layer. 
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Figure 5i. Second Layer Epoxy during Curing, 
Figure 5j. Completed Model with Mold Frame Removed. 
26 
/ / / 
0 
Figure 5k. Removal of Rubber and Fiber Ends, 
Figure 5-t- Two Layer + h^ Fiber Glass Laminate with Void 
in Interlaminar Region; Model Completed. 
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Figure 6, Light Beam a t Different Locations 
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Figure 7a. Fringe Patterns of Different Light Beam Locations 
When Observation Angle 9 = ^5°. 
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Figure 7b. Fringe Patterns of Different Light Beam Locations 
When Observation Angle 9 = 90°. 
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Figure 7c. Fringe Patterns of Different Light Beam Locations 
When Observation Angle 0 = 1350 
l:x = 1.00" 2:x=0.50" 3:x=0.25" ^:x=0.00" 
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Figure 8a. Interlaminar Secondary Principal Stress Difference 
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Figure 8"b. Interlaminar Secondary Principal Stress Difference 
in Planes Parallel to Load in the Vicinity of the Void 
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Figure 8c. Interlaminar Secondary Principal Stress Difference 
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Figure 8d. Interlaminar Secondary Principal Stress Difference 





















































5 o L 
p— 
X = -0,50 
[/Edge of void 
- 1 - 2 - 3 
Y(inch) 
- 4 - 6 
Figure 8e. Interlaminar Secondary Principal Stress Difference 
in Planes Parallel to Load in the Vicinity of the Void 
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